Having set as an aim that "after the genetic code was deciphered, the next important code to solve will be the one for cellular recognition" ([@r1]), attention is turning to cellular glycoconjugates and to the extraordinary talent of carbohydrates for building structural diversity. In fact, these "letters" of the third alphabet of life are endowed with the capacity to form oligomers that store information at an unsurpassed high-level density ([@r2], [@r3]), an ideal prerequisite to let their "functions pervade biology at all levels" ([@r4]).

Following the route of the flow of their information, the sugar-encoded messages are then "read" and translated into responses by lectins, letting the "sugar code" govern a broad variety of activities in adhesion, outside-in signaling, host defense, or glycoconjugate routing and transport relevant for embryology, homeostasis, and manifestation/progression of common diseases such as cancer or osteoarthritis ([@r5], [@r6]). Reflecting glycome complexity and a broad range of lectin-dependent processes, the specificity of this type of recognition process, i.e., glycan-protein binding, and the nature of the triggered effects are most likely not only determined by the ligand--receptor contact, as is the case for hormones or peptide motifs. Of fundamental importance, the molecular architecture of glycan presentation and of lectin design appears to matter somehow, and the emergence of this paradigm is calling for implementing strategies to help delineating definitive topology---activity relationships of biomedical significance. As a test model for this study, human adhesion/growth-regulatory galectins are selected to illustrate the power of rational design engineering, teamed up with functional assays on cells and on surface-programmable vesicle-like binding partners.

Galectins are being detected to be involved in a steadily growing number of aspects of cell sociology by bridging cognate glycans ([@r7][@r8][@r9][@r10][@r11]--[@r12]). In terms of modular architecture, the presentation of the common contact site for the ligand \[i.e., the central part of the carbohydrate recognition domain (CRD)\] occurs in three modes in vertebrates, i.e., as (*i*) a noncovalently associated homodimer (prototype), (*ii*) a heterodimer of two different CRDs connected by a linker peptide, or (*iii*) a modular protein constituted by a CRD and a further part of similar length but entirely different sequence, thus termed chimera type ([Fig. 1*A*](#fig01){ref-type="fig"}) ([@r9], [@r13]). Whereas structural aspects of the individual human CRDs and their glycan preferences have already been well studied ([@r14], [@r15]), our understanding of why these three special forms acquired their common status is much less advanced.

![The three types of modular architecture of galectins (*A*) and the design of the panel of engineered variants to let CRD presentation switch between classes (*B*).](pnas.1813515116fig01){#fig01}

Among the members of the galectin family, the chimera-type galectin-3 (Gal-3) is unique owing to its trimodular structure: an N-terminal peptide with two sites for serine phosphorylation, the following nontriple helical collagen-like repeat section (nine repeats in human Gal-3), both establishing the N-terminal tail (NT), completed by the CRD ([Fig. 1*A*](#fig01){ref-type="fig"}) ([@r16], [@r17]). Monomeric in solution, it can form aggregates when associating with mono- or oligovalent ligands via the NT, the CRD, or both (for exemplary studies, see refs. [@r18][@r19][@r20][@r21]--[@r22]); for review of the literature, see ref. [@r23]). Up to now, protein engineering of Gal-3 has focused on trimming the NT up to complete truncation (trGal-3) to pinpoint determinants critical, for example, for secretion and growth regulation ([@r24][@r25]--[@r26]). We here fundamentally change the design of chimera-type Gal-3. Explicitly, it is hereby turned into a homobivalent protein \[without/with insertion of a 33-aa (or 74-aa) linker known from galectin-8 (Gal-8)\]. Pair building of WT and variant proteins for comparative testing is ideal to pinpoint design-dependent functionality of Gal-3's CRD. The proteins were first thoroughly characterized structurally after recombinant production by mass spectrometry, gel filtration, and small-angle X-ray scattering (SAXS). As a further sensor for structural changes, hydrogen--deuterium exchange (HDX) was applied. Next, maintained activity for ligand binding was ascertained by HDX, in the absence and in the presence of lactose (Lac), by isothermal titration calorimetry (ITC) and carbohydrate-inhibitable cell binding of fluorescent proteins. Having passed these experimental series, WT and variant proteins were tested comparatively for *cis*-- and *trans*--cross-linking using human neuroblastoma cells and glycodendrimersomes (GDSs) as sensitive assay platforms ([@r26][@r27][@r28][@r29][@r30][@r31]--[@r32]).

Broadening the scope of experiments, the feasibility for bottom-up surface programming of GDSs was exploited to change their glycan display in a rational manner, illustrating its versatility. In addition to the pan-galectin ligand Lac, we here established a parasite (schistosome) glycan signature by presenting *N*,*N*′-diacetyllactosamine (GalNAcβ1, 4GlcNAc, LacdiNAc), a known ligand for Gal-3 that mediates phagocytosis by macrophages with comparatively small binding capacity for galectin-1 (Gal-1) ([@r33][@r34]--[@r35]). Cell surface LacdiNAc is also a factor in self-renewal of mouse embryonic stem cells ([@r36]) and a potential cancer glycobiomarker ([@r37]). This reported difference in binding of Gal-1 and -3 inspired an inverse engineering of the homobivalent Gal-1, i.e., converting WT Gal-1 into a chimera-type--like hybrid composed of the Gal-1 CRD and the NT of Gal-3 (Gal-3NT/1). Strategically, by crossing borders in terms of design and valency, this protein panel fundamentally goes beyond the application of engineering by covalent CRD linkage using various methods and domain transfer among heterobivalent proteins ([@r38][@r39][@r40][@r41][@r42]--[@r43]) as well as linker tailoring ([@r44][@r45][@r46]--[@r47]). Our experiments with variants obtained by design-class switching, together with WT proteins as a standard, identify the natural Gal-3 design as a means to attain functional antagonism among galectins.

Results and Discussion {#s1}
======================

The Galectin Toolbox. {#s2}
---------------------

Natural Gal-3 forms its own class of galectin architecture by its unique trimodular design ([Fig. 1*A*](#fig01){ref-type="fig"}). Engineering on the level of cDNA enables a galectin to switch its class. We first turned the chimera-type protein into a homodimer by directly joining two Gal-3 CRDs (Gal-3--Gal-3) or by inserting a linker of a tandem repeat-type galectin, i.e., 33-aa (S) or 74-aa (L) linkers of tandem repeat-type Gal-8, yielding the Gal-3--8S/L--Gal-3 variants ([Fig. 1*B*](#fig01){ref-type="fig"}). In reverse direction, homodimeric Gal-1 is reshaped into a chimera-type protein by attaching its CRD to Gal-3's NT ([Fig. 1*B*](#fig01){ref-type="fig"}). Together with the WT proteins, these two sets of protein pairs are ideal to test the hypothesis on architecture-dependent functionality.

Prompted by the recent discovery of heterodimer formation in mixtures of a prototype galectin and the Gal-3 CRD ([@r48]), we also engineered covalently connected heterodimers. In this case, the spatial order of the CRD, i.e., Gal-1/-3 or Gal-3/-1 (from the N to C terminus), and absence or presence of a linker are the structural variables, as illustrated in [Fig. 1*B*](#fig01){ref-type="fig"}. These eight proteins were all obtained by recombinant production and purified by affinity chromatography (for yields under optimal conditions, see [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)) so that their structures and characteristics of ligand binding could be characterized in detail. This comparison is especially important for the homobivalent variants of Gal-3.

The Variant Proteins: Structure and Ligand Binding. {#s3}
---------------------------------------------------

To exclude a sequence deviation or posttranslational processing, each variant was systematically processed by MALDI-TOF ([Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)) and N-/C-terminal sequencing \[reflectron and linear in-source decay (re/lin ISD)\] ([Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Having passed these quality controls, the solution structure was first analyzed by gel filtration in the absence and in the presence of Lac. Homodimers of Gal-3 maintained the monomer status of the WT protein in solution with a tendency for a shift to a higher molecular weight induced by Lac presence ([*SI Appendix*, Figs. S1*A* and S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). When increasing the galectin concentration to up to 10 mg/mL under the conditions of SAXS, no evidence for aggregation was seen ([*SI Appendix*, Figs. S1*B* and S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). The same is true for the Gal-3NT/1 variant in gel filtration and SAXS analysis ([*SI Appendix*, Fig. S3 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Class switching of CRD presentation did not change the quaternary structure.

The situation becomes different when both types of CRD are combined in heterodimers. As shown for Gal-3--8S--Gal-1 in [*SI Appendix*, Fig. S4 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental), a second form appears that has elution/scattering properties of a dimer of dimers (see [*SI Appendix*, Figs. S5--S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental) for the other three heterodimers; profiles for WT Gal-1 and -3 are added as standards in [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). The summary of the SAXS-derived characteristics ([*SI Appendix*, Tables S2--S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)) underlines this conclusion, and structural models depict a plausible orientation of the CRDs in such complexes ([*SI Appendix*, Fig. S9 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). These models show similarity to a dimer of dimer detected for Gal-1 dissolved in dimethyl sulfoxide by small-angle neutron scattering ([@r49]). Whereas class switching had no impact on the quaternary structure of these variants, heterodimers have this inherent tendency for dimer-of-dimer formation. When joining CRDs in the Gal-3 homodimers without or with a linker, binding properties may or may not be changed. This question is answered by examining the effect of ligand binding on (*i*) the level of all amino acids, (*ii*) the thermodynamics of ligand binding, and (*iii*) the capacity of carbohydrate-inhibitable association to cell surfaces.

To set the stage for applying HDX as sensitive tool for detecting structural changes by CRD conjugation, binding of Lac and any ensuing alteration in the capacity for exchanging protons by deuterium as an indicator for a structural change by ligand binding, full-sequence coverage of the Gal-3 CRD and the homodimers was first achieved at redundancy between 7.32 and 9.1 ([*SI Appendix*, Fig. S10 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Invariably, significantly decreased deuterium uptake was found in the region of the canonical binding site (amino acids 42--84) ([*SI Appendix*, Fig. S11 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). In addition, two sequence stretches at the N/C termini showed respective increases ([*SI Appendix*, Fig. S11 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)), documenting rather similar response profiles.

On the level of thermodynamics, no deviations between WT and variant proteins were apparent, in each case, reaching nearly full loading of the binding site by *N*-acetyllactosamine (LacNAc) (in monomeric WT Gal-3 at *n* = 1.01; in the homodimers at *n* = 1.89/1.93; [Table 1](#t01){ref-type="table"}; titration curves are given in [*SI Appendix*, Fig. S12 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental); for data on Lac as ligand, see [*SI Appendix*, Table S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Thus, based on these criteria, the Gal-3 CRD is not visibly affected by the conjugation process so that its mode of topological presentation will govern its association to polyvalent ligands, as presented on a cell surface. To measure surface binding, galectins were made fluorescent at a similar labeling efficiency measured spectrophotometrically ([*SI Appendix*, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Using Chinese hamster ovary (CHO) cells (WT cells and cells of the Lec13 mutant with their reduced level of core fucosylation) as a model, this binding is dependent on glycans as ligand ([*SI Appendix*, Fig. S13](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). When comparatively analyzed by flow cytometry using fluorescent galectins, the homodimers produced a higher response in mean fluorescence intensity/percentage of positive cells than WT Gal-3, an exchange between Gal-3/-1 CRDs in heterodimers causing a smaller effect ([Fig. 2](#fig02){ref-type="fig"}). The Gal-1 CRD as part of the new chimera-type protein was more effective to mediate binding than WT Gal-3 ([Fig. 2](#fig02){ref-type="fig"}), as also seen for Lec13 mutant cells when increasing the concentration ([*SI Appendix*, Fig. S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). To proceed to biomedically relevant functional testing of postbinding effects of galectins, human neuroblastoma (SK-N-MC) cells offer an attractive assay platform. For these cells, homodimeric Gal-1 is a negative growth regulator by virtue of binding to the monosialylated pentasaccharide of ganglioside, whereas Gal-3 is an antagonist ([@r50]). Both proteins bind with similar affinity to their ganglioside counterreceptor, likely presented in microdomains ([@r51]). However, the organization of the formed lattice is assumed to be different to explain the activity difference ([@r52]).

###### 

Data of calorimetric measurements using LacNAc (6.0 mM) as ligand

  Protein            Concentration, μM   *n* sites   −Δ*G*, kcal/mol   −Δ*H*, kcal/mol (means ± SD)   −*T*Δ*S*, kcal/mol   *K*~d~, μM (means ± SD)
  ------------------ ------------------- ----------- ----------------- ------------------------------ -------------------- -------------------------
  Gal-3              88                  1.01        6.06              13.4 ± 0.170                   7.33                 36.1 ± 0.71
  Gal-3--Gal-3       50                  1.89        5.95              12.1 ± 0.665                   6.17                 43.6 ± 3.05
  Gal-3--8S--Gal-3   33                  1.93        5.86              13.2 ± 0.033                   7.33                 51.2 ± 0.33

![Cytofluorimetric cell staining using fluorescent galectins at 1 µg/mL and CHO WT cells (*A*) as well as at 0.1 µg/mL and CHO Lec13 mutant cells (*B*).](pnas.1813515116fig02){#fig02}

The Variant Proteins: Cell Binding and Growth Regulation. {#s4}
---------------------------------------------------------

Radioiodinated proteins bind to the neuroblastoma cells in a carbohydrate-inhibitable manner up to saturation (as in flow cytometry), and the algebraic conversion of data of the titrations of specific binding yielded linear Scatchard plots ([*SI Appendix*, Figs. S15 *A* and *B* and S16](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). The calculated *K*~[d]{.smallcaps}~ values for binding to these cells were rather similar, in the case of the homodimers, indicating a tendency of affinity decrease by increasing length of the linker ([Table 2](#t02){ref-type="table"}). When including WT Gal-3 and Gal-3 CRD as controls in proliferation assays, the Gal-3 homodimers clearly proved active ([Fig. 3](#fig03){ref-type="fig"}). The same applies to the heterodimers, linker presence leading to slight reductions ([Fig. 3](#fig03){ref-type="fig"}). Similarly intriguing, while WT Gal-1 was the most effective cell growth regulator (see arrow on right side of [Fig. 3](#fig03){ref-type="fig"}), the Gal-1--based chimera-type variant was much less active ([Fig. 3](#fig03){ref-type="fig"}). Obviously, the bivalent design conveys growth-inhibitory activity to the Gal-3 CRD. As shown for Gal-1 ([@r50]), WT Gal-3 is a functional antagonist for this activity ([*SI Appendix*, Fig. S17](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)), as it is also for prototype galectins-2 and -7 (Gal-2/-7) ([*SI Appendix*, Fig. S18](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Since galectins are physiologically active as molecular bridges not only on the surface of a cell (*cis--*cross-linking in lattice formation) but also between cells (*trans*-binding in aggregation), we proceeded to examine the variant proteins by using surface-programmable GDSs as robust binding partners. Their galectin-dependent aggregation leads to a turbidity increase.

###### 

Binding of various galectins to neuroblastoma cells

  Lectin                                  *K*~d~, nM   *B*~max~ × 10^4^
  --------------------------------------- ------------ ------------------
  Gal-3[\*](#tfn1){ref-type="table-fn"}   940 ± 44     270 ± 31
  Gal-3--Gal-3                            911 ± 34     257 ± 24
  Gal-3--8S--Gal-3                        962 ± 38     271 ± 27
  Gal-3--8L--Gal-3                        1,189 ± 45   270 ± 31
  Gal-3--Gal-1                            994 ± 32     276 ± 23
  Gal-3--8S--Gal-1                        891 ± 29     246 ± 21
  Gal-1--Gal-3                            847 ± 36     249 ± 25
  Gal-1--8S--Gal-3                        859 ± 31     237 ± 23
  Gal-3NT/1                               1,371 ± 49   255 ± 33
  Gal-1[\*](#tfn1){ref-type="table-fn"}   980 ± 47     260 ± 32
  Gal-1--GG--Gal-1\*\*                    684 ± 18     210 ± 19
  Gal-1--8S--Gal-1\*\*                    1,694 ± 35   213 ± 13

Values are means ± SD.

From ref. [@r27]; \*\*from ref. [@r31].

![The effect of galectin presence on cell proliferation of SK-N-MC cells at 100 µg/mL (*n* = 6; means ± SD). \*Data for Gal-1 (arrow) are from ref. [@r31].](pnas.1813515116fig03){#fig03}

The Variant Proteins: Effectors of GDS Aggregation. {#s5}
---------------------------------------------------

Using WT Gal-1 as positive and WT Gal-3 as negative controls, potent cross-linking activity of homo- and heterodimers was revealed, whereas the Gal-1 CRD did not convey activity to Gal-3's NT ([Fig. 4 *A--D*](#fig04){ref-type="fig"}, see below). Mimicking competitive inhibition on neuroblastoma and pancreatic cancer cell surfaces ([@r50], [@r53]), the presence of this variant negatively affected GDS aggregation by Gal-1. Of note, this variant (Gal-3NT/1) was less active as inhibitor of Gal-1--dependent aggregation than WT Gal-3 at a low concentration ([Fig. 4 *E* and *F*](#fig04){ref-type="fig"}). When testing antagonism to covalently associated Gal-1, Gal-3 homodimers and heterodimers, no effect was observed ([*SI Appendix*, Fig. S19 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Thus, these measurements unveil the structural requirement of noncovalent CRD association in Gal-1 for functional antagonism between WT Gal-1/-3.

![Aggregation of Lac-presenting GDSs (*A*, *B*, and *D*) or suLac-presenting GDSs (*C*) with test proteins given in each panel in the regular mode (*A*--*D*) and in the competitive mode using WT Gal-3 (*E*) and Gal-3NT/1 variant (*F*) as competitor of Gal-1--dependent aggregation.](pnas.1813515116fig04){#fig04}

The concept of the sugar code ascribes different biological meanings to structurally different glycans. By entering a formally subtle change to LacNAc to generate LacdiNAc, a difference in binding between Gal-3 and -1 appears to be implemented ([@r34], [@r36]). To test LacdiNAc as surface signal on GDS, we first prepared it in a form of the suited head-group derivative for GDS surface programming by the resulting GD ([*SI Appendix*, Figs. S20 and S21](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Characterization of GDS preparations revealed similar properties independent of the sugar head group ([*SI Appendix*, Fig. S22](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). As expected, no activity was detectable for the two WT proteins ([*SI Appendix*, Fig. S23 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Gal-3 as homodimer and also the heterodimers, in contrast, were equally active to aggregate GDSs, irrespective of the type of ligand (LacdiNAc or Lac) ([*SI Appendix*, Fig. S24 *A*--*L*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Fittingly, the covalently connected Gal-1 homodimer aggregated these GDSs, albeit slightly less potent than with Lac as ligand ([*SI Appendix*, Fig. S23 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). Obviously, the type of CRD presentation matters, the conjugation of two Gal-1 CRDs by a GG linker leading to activity.

Equally important to variant testing with the canonical ligand, GDS surface programming makes tools available for general WT protein testing. The data presented in [Fig. 5](#fig05){ref-type="fig"} illustrate the inherent differences between four human galectins, all active with Lac ([*SI Appendix*, Fig. S25 *A*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)), when facing LacdiNAc. WT Gal-2 and -7, homodimers as Gal-1 is, but not tandem repeat-type Gal-4 and -8 can thus cooperate with Gal-3 (and likely Gal-1/-3 heterodimers) in situ in host defense against LacdiNAc-presenting parasites, Gal-2 and -7 by cross-link formation. Of note, the results emphasize occurrence of divergent functionality of closely related galectins, here Gal-1 and -2, so far inferred on the level of caspase activation profiles of T cells ([@r54]) also apparent in lack of susceptibility to Gal-3/Gal-3NT/1 presence in aggregation assays ([*SI Appendix*, Fig. S26 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813515116/-/DCSupplemental)). In addition to surface engineering of cells, this chemical protocol with full control on glycan density and complexity is thus likely to find wide application, to study in detail galectin teamworking. Of note, immunohistochemical analysis of the complete galectin family underscores occurrence of coexpression of galectins as a general phenomenon ([@r55]) so that elucidating details of teamwork is emerging as a current challenge.

![Aggregation of LacdiNAc-presenting GDSs by comparative galectin panel testing.](pnas.1813515116fig05){#fig05}

Conclusion and Perspectives {#s6}
===========================

Reading sugar-encoded information is of pivotal significance for development, host defense and (patho)physiological processes such as inflammation or malignancy ([@r56][@r57]--[@r58]). Accurate information transfer depends on a lectin's CRD, its translation into bioresponses on topological aspects of CRD presentation. Looking at the history of galectins, electrolectin's homobivalency made the detection of the first galectin possible by measuring hemagglutination ([@r59]), and crystallographic analysis of bovine galectin-1 revealed evidence for lattice formation with *N*-glycans, the structural basis for triggering outside-in signaling on cells ([@r60]). After having gained a clear view on the range of diversity within the galectin family, we switched design of the CRD presentation fundamentally in both directions for monomeric (chimera-type) Gal-3 and homobivalent Gal-1, thereby, affecting the way cell surface ligands become either organized (in *cis*) or bridged (in *trans*). As a consequence, we applied a combined strategy for measuring protein activity of glycan binding, teaming up cell assays with galectin-dependent clustering of biomimetic nanoscale chemically programmed vesicles.

Hereby, we provide definitive proof for the validity of the hypothesis of the central importance of the modular architecture: proto- or chimera-type design underlies activity either as neuroblastoma cell growth inhibitor/bridging factor or as antagonist for both activities, regardless of the nature of the CRD. On the side of the glycan, the subtle structural change from Lac to LacdiNAc on the GDS surface uncovered selectivity among WT galectins and between WT Gal-1 and its covalently linked variant. These results imply structural changes in the canonical CRD attained by diversification of the galectin family ([Fig. 1*A*](#fig01){ref-type="fig"}) and the type of CRD association both appear to matter so that respective permutations broaden the functional spectrum of these lectins, as also attested by demonstration of bioactivity of Gal-1/-3 heterodimers. Strikingly, as our results reveal, the chimera-type galectin structure can now be interpreted as inhibitor (antagonist) design. Its activity is modulated in a versatile manner by proteolytic cleavage within the tail ([@r50], [@r61], [@r62]). In fundamental terms, our results add an aspect to glycan binding by modular lectin structures, in selectins and bacterial adhesins constituting the structural basis for catch bonds ([@r63], [@r64]). Of note, considering especially intracellular functions of Gal-3 via protein binding such as bcl-2 ([@r8]) or its nuclear effect on gene expression ([@r18]), availability of these variants opens the door, too, to exploring impact of protein design on these activities.

In addition to these insights, the availability of the variants enables comparative high-resolution analysis of complexes with glycoconjugates in solution and in membranes. Working with synthetic *N*-glycans and testing efficiency of binding depending on peculiar arrangements, as inferred to be important in the case of differential gp120 recognition by galectins-1 and -3 in HIV infectivity ([@r65]), becomes a viable perspective. Due to the increasing realization of the functional teamwork between galectins in situ, ranging from antagonism to cooperation ([@r66]), the variants of human galectins described herein can be envisioned to reliably dampen or enhance bioactivities of the WT proteins with clinical benefit. In this aspect, they may well be superior to synthetic glycan-based inhibitors, which exhibit cross-reactivity among galectins. Since Gal-1 as a multifunctional, context-dependent effector is not only a growth inhibitor but can also favor tumor progression, e.g., in glioblastoma or pancreas carcinoma ([@r67], [@r68]), the availability of the Gal-3NT/1 variant enables testing this hypothesis. Lastly, the herein-described access to heterodimers recently detected to occur in galectin mixtures, and the data on their activity, inspire further functional analysis of these engineered members of the galectin family, a route to let a Gal-3 CRD acquire heterobivalency (patho)physiologically.

Methods {#s7}
=======

Preparation of Variants. {#s8}
------------------------

Engineering of cDNAs and recombinant production followed protocols developed for homooligomer generation of Gal-1 ([@r31], [@r45], [@r47]), all proteins purified by affinity chromatography on lactose-binding Sepharose 4B resin.

Characterization of Protein Panel. {#s9}
----------------------------------

Mass spectra were obtained on an Ultraflex TOFTOF I instrument (Bruker Daltonic); re/lin ISD spectra were recorded in a positive-ion reflectron mode; gel filtration was carried out on a Superose HR10/30 column at 0.5 mL/min; and SAXS analysis was performed on Beamline 29 (BM29) at the European Synchrotron Radiation Facility (ESRF) with synchrotron radiation at λ = 0.1 nm, with computational generation of models as described ([@r23], [@r31], [@r47]).

Ligand Binding. {#s10}
---------------

The extent of HDX was measured on quenched undeuterated and deuterated sample solution (320 pmol) after nanoAcquity ultraperformance liquid chromatography system-based fractionation (Waters Corporation) in a Synapt G2 high-definition MS mass spectrometer equipped with a lock spray electrospray ionization source (Waters), using the MS^E^ mode ([@r69]). ITC titrations were performed in a PEAQ-ITC calorimeter in 20 mM phosphate buffer (pH 7.2) with 150 mM NaCl and 10 mM β-mercaptoethanol using the company's software for calculations. Flow cytometry using fluorescent proteins labeled by fluorescein isothiocyanate at similar incorporation yield measured spectrometrically ([@r70]) was performed after incubation for 30 min at 4 °C with 5 × 10^4^ cells per sample suspended in Dulbecco's PBS, followed by careful washing steps to remove labeled probe, in parallel with processing mock controls ([@r31]). Radioiodinated proteins were incubated with cells grown for 5 d to reach confluency in serum-free Eagle's medium for 2 h at 37 °C without/with cognate glycan as an inhibitor, and cell-bound radioactivity was measured by liquid scintillation counting ([@r27], [@r31]).

Functional Assays. {#s11}
------------------

Cell proliferation was measured with a commercial kit (CellTiter 96; Promega) after an experimental period of 48 h ([@r31], [@r50]). GDS aggregation by the proteins was monitored in semimicro cuvettes at 23 °C at 450 nm using a Shimadzu UV-1601 UV-vis spectrophotometer with Shimadzu/UV Probe software in the kinetic mode ([@r28][@r29][@r30][@r31]--[@r32]).
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